Competitive EMSAs revealed that proteins present in the nuclei of endothelial cells preferentially bound to the I allele NFKB1 promoter compared with the D allele. Reporter gene assays showed that the I allele promoter had significantly higher activity than the D allele. In agreement with these observations, homozygous II genotype cells had higher p50 expression levels than homozygous DD genotype cells. Cells with the homozygous II genotype showed a greater increase in NOS3 protein expression than did homozygous DD genotype cells under LSS. Functional experiments on volunteers confirmed higher baseline reactive hyperemic forearm blood flow, and, furthermore, the subgroup analysis revealed that DD homozygotes were significantly less prevalent in the exercise responder group compared with II and ID genotypes. We conclude that the Ϫ94 NFKB1
Ϫ94 NFKB1 I/D, where I is the insertion allele and D is the deletion allele) was associated with 1) NOS3 gene expression in endothelial cells under physiological levels of unidirectional laminar shear stress (LSS) and 2) endothelial function in prehypertensive and stage I hypertensive individuals before and after a 6-mo supervised endurance exercise intervention. Competitive EMSAs revealed that proteins present in the nuclei of endothelial cells preferentially bound to the I allele NFKB1 promoter compared with the D allele. Reporter gene assays showed that the I allele promoter had significantly higher activity than the D allele. In agreement with these observations, homozygous II genotype cells had higher p50 expression levels than homozygous DD genotype cells. Cells with the homozygous II genotype showed a greater increase in NOS3 protein expression than did homozygous DD genotype cells under LSS. Functional experiments on volunteers confirmed higher baseline reactive hyperemic forearm blood flow, and, furthermore, the subgroup analysis revealed that DD homozygotes were significantly less prevalent in the exercise responder group compared with II and ID genotypes. We conclude that the Ϫ94 NFKB1 I/D promoter variation contributes to the modulation of vascular function and adaptability to exercise-induced flow shear stress, most likely due to differences in NFKB1 gene transactivity.
nuclear factor-light-chain gene enhancer in B cells 1; nitric oxide synthase 3; shear stress VASCULAR ENDOTHELIAL CELLS are constantly exposed to hemodynamic shear stress, although the magnitude and pattern of the shear stress varies depending on the level of local blood flow and vascular geometry (6, 22) . Endothelial cells sense the hemodynamic forces and respond by initiating the expression of downstream genes, in particular, the endothelial nitric oxide (NO) synthase gene (NOS3) (26) .
Studies have shown that the p50/p65 NF-B complex is an essential transcription factor in NOS3 gene expression in response to fluid shear stress in endothelial cells (7) . In cultured endothelial cells, laminar shear stress (LSS) activates IB kinase-␣ via c-Src and a MEK1/2-dependent signaling pathway. This increases proteosome-dependent degradation of IB-␣ and induces nuclear translocation of the p50/p65 complex. Subsequently, the NF-B complex binds to a shear stress response element (SSRE) in the human NOS3 gene promoter, resulting in increased gene expression (7, 12) . Inhibition of the NF-B-mediated signaling completely blocks the increase in NOS3 gene expression in endothelial cells exposed to shear stress (9) .
The human NF-light-chain gene enhancer in B cells 1 gene (NFKB1) at 4q24 encodes a 105-kDa non-DNA-binding cytoplasmic precursor molecule (p105), which is cleaved to the 50-kDa DNA-binding protein (p50) (13) . Recently, a 4-bp DNA sequence (ATTG) insertion (I)/deletion (D) variant ( Ϫ94 NFKB1 I/D) was described in the promoter of the NFKB1 gene. The allele frequencies are ϳ60% and 40% for the I and D allele, respectively.
Ϫ94 NFKB1 I/D polymorphism has been shown to transcriptionally regulate NFKB1 gene expression (16) .
Acute exercise acts as a physiological stressor that disturbs resting homeostasis, whereas chronic exercise elicits salutary effects through cardiovascular (CV) adaptations (11, 31) . In the vasculature, exercise stimulus can be defined as endothelial wall shear stress (25) . During endurance exercise, flow velocities are approximately double those observed during rest, and regions of the low-velocity/oscillatory shear stress that existed under resting condition are eliminated (4, 24) . Animal studies have shown that exercise-induced flow-mediated shear stress increased NOS3 protein content in both coronary and small resistance arteries (19) .
Therefore, we reasoned that the relevant functional polymorphism could modulate endothelial function with respect to NOS3 gene expression under LSS in human endothelial cells and that it may explain, in part, the interindividual variation in the direction and magnitude of the beneficial CV adaptations that occur with an exercise training intervention in individuals with CV risk factors. In the present study, we investigated the function of the Ϫ94 NFKB1 I/D polymorphism in human endothelial cells under physiological levels of LSS. In addition, we assessed whether the polymorphism was associated with endothelial function and, furthermore, whether it was associated with adaptability in endothelial function after a 6-mo supervised exercise intervention in prehypertensive and stage I hypertensive individuals.
MATERIALS AND METHODS
Human subject recruitment and intervention. Prehypertensive and stage I hypertensive subjects responding to media advertisements and fliers were screened to assess their eligibility and provided written informed consents. The study protocol involving human subjects was approved by the Institutional Review Board of the University of Maryland (College Park, MD). Subjects were sedentary (aerobic exercise Ͻ2 times/wk, Ͻ20 min/session, sedentary job), 50 -75 yr of age, nondiabetic, not on lipid-lowering medications, had prehypertension or stage I hypertension (systolic blood pressure: 120 -159 mmHg, diastolic blood pressure: 80 -99 mmHg), had no CV disease other than hypertension, and had a body mass index of Ͻ37 kg/m 2 . Qualified subjects could not have any medical conditions precluding their ability to perform vigorous exercise. Subjects using antihypertensive medications began a tapering schedule recommended by their physician, and a research study physician also supervised the medication tapering process. If a subject's systolic or diastolic blood pressure was Ͼ159 or Ͼ99 mmHg, respectively, for 3 consecutive weeks at any time during the study, they were excluded from further participation in the study and referred back to their personal physician. Qualified subjects underwent 6 wk of instruction in the principles of an American Heart Association low-fat (Ͻ30% total calorie intake) and Ͻ3 g/day sodium diet that they maintained for the entire study period. Subjects underwent three supervised endurance exercise sessions per week for 6 mo. The exercise session included warm-up and stretching periods and dynamic aerobic exercise. Heart rate was used to monitor each subject's training intensity. The initial exercise session consisted of 20 min of 50% maximal oxygen consumption (V O2max), and the training duration and intensity were gradually increased until 40 min of exercise at 70% V O2max was completed. After 10 wk, 1 day of walking exercise for 40 min was added to the exercise program.
Cell culture and shear stress experiments. Human umbilical vein endothelial cells (HUVECs) were grown in medium 199 (Mediatech) supplemented with 20% FBS, 16 U/ml heparin, 50 g/ml endothelial growth supplement, 2 mmol/l glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin and cultured with 5% CO 2 at 37°C in dishes coated with 0.1% gelatin. The unidirectional LSS experiments were performed as previously described (33) . Briefly, confluent HUVECs grown in 100-mm tissue culture dishes were exposed to unidirectional LSS at 15 dyn/cm 2 in shear medium (the growth medium without serum) by rotating a Teflon cone (0.5°cone angle) in a humidified environment with 5% CO 2 at 37°C. All HUVEC experiments were conducted between the fourth and seventh passage.
Promoter reactivity analysis and EMSA. For I-and D-type promoter activity analyses, pGL3 (Promega) luciferase reporter plasmids containing 981 bp of the human NFKB1 gene promoter having either the I or D allele of the DNA sequence variation were transiently transfected into I/D HUVECs (16) . Equal numbers of HUVECs (1 ϫ 10 6 cells/dish) were plated in 100-mm culture dishes 18 -24 h before transfection. These subconfluent (ϳ70 -80%) HUVECs were transiently cotransfected with 1 g of reporter vector and 250 ng of phRL-TK, as a cotransfection control, using 3 l of FuGENE6 (Roche Molecular Biochemicals) according to the manufacturer's instructions. After exposure to 6 or 24 h of LPS (500 ng/ml), transfected cell lysates were harvested using passive lysis buffer (Promega) and stored at Ϫ80AEC until used. A dual-luciferase system (Promega) was used for firefly and Renilla luciferase assays. A luminometer was programmed to perform a 2-s premeasurement delay, followed by a 20-s measurement period for each promoter assay, and data were presented as relative luciferase activity, which normalized to the Renilla luciferase activity. Results from three independent experiments were used for each analysis. Nuclear protein extracts were obtained from HUVECs using NE-PER (Pierce) as per the manufacturer's instructions. Oligonucleotide probes were synthesized based on the NFKB1 promoter sequence, and EMSAs were performed as previously described (16) . Briefly, EMSA reactions contained 5 g of protein, 1 ng of 32 P-labeled probe, and 1 g of poly(dI-dC). After 1 min, protein-DNA complexes were resolved by PAGE and detected by an autoradiography of the dried gel.
Analysis of NFKB1 and NOS3 gene expression. Western blot analysis was carried out according to standard procedures using monoclonal antibodies against NOS3 (BD Bioscience), p50/p105 (Cell Signaling Technology), p65 (BD Bioscience), a secondary antibody conjugated with alkaline phosphotase or horseradish peroxidase (for p50/p105 and p65), and the chemiluminescent reagent (Pierce). Loading and transfer of equal amounts of protein were normalized by reprobing the blots with a monoclonal anti-␤-actin antibody (Santa Cruz Biotechnology). Scanning densitometry (Scion Image software) was used to quantify the signal density from the luminograms.
Genotyping. Genomic DNA was isolated from blood from the human subjects or HUVECs using the Genomic DNA Purification Kit (Gentra Systems). Genotyping for the Ϫ94 NFKB1 (I/D) polymorphism was performed as described previously using a combined PCR-restriction digestion method (16) . Genotyping accuracy was confirmed with direct sequencing on random samples. Based on the previous finding of a significant functional effect of the C allele in the T 3 C single-nucleotide substitution at Ϫ786 of the NOS3 gene on shear stress insensibility (3), this NOS3 gene polymorphism was also screened to exclude CC homozygote HUVECs in the present study. Briefly, the flanking region of the NOS3 gene was amplified using a pair of primers (forward: 5Ј-CACCCAGGCCCACCCC-AACCT-3Ј and reverse: 5Ј-GCCGCAGGTCGACAGAGAGACT-3Ј) through PCR. The PCR amplicon was digested overnight at 37°C using MspI (New England BioLabs) followed by electrophoresis for 4 h in a gel composed of 2% agarose ϩ 1% Nusieve (FMC). The T allele (absence of the MspI restriction site) yields a fragment of 415 bp, and the C allele (presence of the MspI restriction site) yields fragments of 370 and 45 bp.
Measurement of forearm blood flow during reactive hyperemia. Forearm blood flow (FBF) was measured in the morning (7:00 ϳ 9:00 AM) after an overnight fast in the nondominant arm using venous occlusion plethysmography as previously described (28) . For each measurement, a blood pressure cuff placed around the upper arm was inflated to 55 mmHg and connected to a rapid cuff inflator (Hokanson). A wrist cuff was inflated to suprasystolic pressure before each measurement. Baseline FBF was measured three times. Reactive hyperemia was then induced by inflating the upper arm cuff to 50 mmHg above the systolic blood pressure for 5 min to occlude the FBF. Immediately after the cuff was released, FBF was measured for 3 min at 15-s intervals (7-s measure ϩ 8-s recovery).
Statistical analysis. Each variable was plotted and analyzed for variances to identify missing values, outliers, normality, and patterns of skewness in the distributions. Analysis of covariance (ANCOVA) with repeated measures was used to test for differences in reactive hyperemic FBF responses among genotype groups. Based on the results of previous studies, demographic (age, gender, and ethnicity) and biological (body weight, mean blood pressure, and body mass index) confounding factors were used as covariates in all FBF anal-yses. As no ethnicity by genotype or gender by genotype interactions were observed, these groups were combined for all the analyses. Student's t-tests were used to test if there were significant changes in subject characteristics between before and after exercise training. In the reporter gene expression analyses, Student's t-tests were used to test for differences in luciferase activities between the I-and D-type promoter constructs and for differences in NOS3 protein expression levels among genotyped HUVECs. In a subanalysis, subjects were grouped into responder and nonresponder groups based on the change in their reactive hyperemic response following exercise training. Fisher's exact test and odds ratio calculation were used to analyze differences in genotype frequencies between the responder and nonresponder groups. The ␣-level was set at 0.05 for all hypothesis tests.
RESULTS
The I-type NFKB1 promoter has higher transcriptional activity. To determine whether Ϫ94 NFKB1 I/D polymorphism affected DNA-protein binding activity, we conducted EMSAs with nuclear extracts from unstimulated HUVECs. Using wildtype (I), variant (D or D1), or mutant (M1, M2, or M3) 25-bp oligonucleotides representing the polymorphic region (Fig. 1C) , we found that the I probe had higher binding activity compared with the D probe or size-matched D1 probe, and the mutant probes showed none or near-complete loss of binding to the nuclear protein (Fig. 1A) . Competition assays, using a 50-fold excess of nonradioactive oligonucleotide probes, confirmed that the I allele formed a complex with higher affinity than the D allele (compare I with D and D1 competition; Fig. 1B) . Oligonucleotides with the 5Ј-ATTG abolished (M1) and a single-point mutation in 3Ј-ATTG (M3) slightly competed for binding, whereas an oligonucleotide with the 3Ј-ATTG abolished (M2) did not compete. Overall, these results showed that proteins present in the nuclei of HUVECs bind to the I/D region of the NFKB1 promoter and preferentially bind to the I allele sequence, likely to 3Ј-ATTG.
To determine whether Ϫ94 NFKB1 I/D polymorphism regulates the transcriptional activity of the NFKB1 promoter, we conducted reporter gene assays under LPS stimulation in HUVECs. Based on a previous study (16) , transiently transfected HUVECs were subjected to 6 or 24 h of LPS (500 ng/l) treatment. Both promoters were activated with LPS treatment by 25-to 33-fold compared with the control. The I-type promoter showed significantly higher activity than the D-type promoter after the 24-h LPS treatment (Fig. 1D) of basal cytoplasmic p50/p105 proteins in different passages of these cells (passages 4 -7). Higher p50-p105 protein levels were observed in II homozygote cells compared with DD homozygote cells (Fig. 2) . These results showed that HUVECs with the I-type promoter had higher protein expression levels of NFKB1 gene products and, ultimately, a greater number of copies of the NF-B complex in the cytoplasm, through which signaling transduction for downstream gene expression is likely to be facilitated in these cells.
II homozygote HUVECs are more sensitive to unidirectional LSS with respect to NOS3 protein expression. To clarify the involvement of unidirectional LSS in the activation of the NF-B complex, we monitored the translocation of the NF-B subunits, p50/p65, under unidirectional LSS by subsequent immunoblot assays. HUVECs were subjected to unidirectional LSS for up to 60 min, and nuclear extracts were prepared for p50/p65 protein immunoblot assays at the 0-, 15-, 30-, and 60-min time periods. In this experiment, gradual translocation of both p50 and p65 subunits was observed under unidirectional LSS (Fig. 3A) . Figure 3A shows that unidirectional LSS activates the translocation of NF-B p50/p65 in HUVECs. This observation was consistent with what we observed using LPS (100 ng/l) stimulation (data not shown).
Previous studies (7, 9) have demonstrated that the NF-B signaling pathway is responsible for the upregulation of NOS3 in response to LSS. Because we found higher levels of NFKB1 gene products in NFKB1 II cells than in NFK1 DD cells, we tested whether Ϫ94 NFKB1 I/D polymorphism affected the level of NOS3 gene expression in HUVECs in response to unidirectional LSS. II or DD homozygote HUVECs were subjected to 24 h of unidirectional LSS or static conditions, and total cell extracts were prepared. There were no differences in basal NOS3 levels between II or DD homozygote cells. However, there was a greater increase in NOS3 protein levels in II homozygote cells compared with DD homozygote cells (P Ͻ 0.05) after exposure to 24 h of LSS (Fig. 3, B and C) . These results suggest that NFKB1 II homozygote cells are more responsive to unidirectional LSS in terms of the induction of NOS3 gene expression, likely due to the increased amounts of p50 and p105 in the cells. Fig. 3 . II homozygous cells are more responsive to unidirectional laminar shear stress (LSS) in the induction of endothelial nitric oxide synthase (NOS3) gene expression. A: both p50 and p65 NF-B subunits are gradually translocated under unidirectional LSS in HUVECs. Primary cultured HUVECs were subjected to unidirectional LSS, and levels of p50 and p65 proteins were measured in nuclear extracts by Western blot analysis. B and C: genotyped HUVECs for NFKB1 I/D polymorphism were used for the experiments. HUVECs were subjected to unidirectinal LSS (15 dyn/cm 2 ) for 24 h using a cone-plate apparatus, and NOS3 protein levels were measured in total extracts. B: example of the immunoblot assay performed for NOS3 protein levels in static or 24-h LSS-stimulated II or DD genotyped HUVECs. C: summary of the statistical analysis (n ϭ 6) for NOS3 protein levels expressed as fold increases over II homozygote cells under static conditions. All protein levels were adjusted to actin protein levels. Values are means Ϯ SE. *P Ͻ 0.05 vs. the DD change value. The I allele is associated with higher reactive hyperemic FBF. We examined arterial reactivity in subjects with each genotype at baseline and after 6 mo of exercise training. General characteristics of the subjects involved in this study are shown in Table 1 . These genotype frequencies were similar to those observed in previous studies (2, 16). There was a significant increase in V O 2max after exercise training (P Ͻ 0.05). There were no gender main effects observed on reactive hyperemic FBF responses. At baseline, there was a tendency for a similar reactive hyperemic FBF response between II and ID genotype groups. There was a significantly higher reactive hyperemic FBF response in the I allele carrier group than in the DD homozygote group (genotype main effect, P ϭ 0.039; Fig. 4 ). In addition, there was a tendency for greater improvements in reactive hyperemic FBF in II and ID genotype groups compared with the DD homozygote group after 6 mo of exercise training (Table 2) . To test the adaptability in reactive hyperemic FBF with exercise training, each subject was categorized as a responder or nonresponder based on the change in their reactive hyperemic FBF response following exercise training. Subjects who showed positive changes were categorized as responders, whereas subjects who did not change or exhibited a decreased response with exercise training were categorized as nonresponders. This subgroup analysis revealed that II homozygotes were more prevalent in the responder group (30.6%, odds ratio ϭ 2.45, P ϭ 0.047), and DD homozygotes were significantly less prevalent in the responder group (4.1%, odds ratio ϭ 0.15, P ϭ 0.006; Table 3 ).
DISCUSSION
The major findings of the present study were that 1) proteins present in the nuclei of HUVECs preferentially bound to the I allele sequence compared with the D allele; 2) the I allele had significantly higher promoter activity than the D allele; 3) II homozygote cells had higher p50/p105 NFKB1 protein levels than DD homozygote cells; 4) II homozygote cells showed a significantly greater increase in NOS3 protein levels than DD homozygote cells under unidirectional LSS; and 5) the I-allele carrier group had a higher basal reactive hyperemic FBF response. Furthermore, the Ϫ94 NFKB1 I allele was significantly associated with greater adaptability in endothelial function with long-term exercise training.
A healthy endothelium serves to 1) inhibit monocyte and platelet adhesion, 2) maintain profibrinolytic and antithrombotic activity, 3) prevent vascular smooth muscle cell proliferation, and 4) modulate the vasodilatory response. All of these protective functions of the endothelium are achieved through NOS3 and. ultimately, the release of NO. Based on established evidence on the direct role of NF-B in the regulation of NOS3 gene expression (7, 9, 12) , we demonstrated that the increased p50 expression in I allele carriers and the resulting abundance of a NF-kB signaling pool interacts with chronic exercise, which induces hemodynamic shear stress and enhances NOS3 gene expression levels through the NF-B-mediated signaling pathway. This is translated into improved vascular function.
It is universally agreed upon that an increase in NOS3 content is a beneficial CV adaptation, as are many adaptations to aerobic exercise training. To our knowledge, there are only a few studies that have measured the NOS3 level directly in vessels obtained from human patients. Hambrecht et al. (10) showed a twofold increase in NOS3 protein levels in arteries obtained from coronary artery disease patients with aerobic exercise training. Accordingly, these patients also showed a significant increase in vasodilatory function by twofold. In the present study, we found a 30% difference in NOS3 protein levels in response to shear stress between genotyped cells. In the human data, the II homozygote group showed an ϳ30% higher peak FBF compared with DD homozygotes at baseline. Based on the Hambrecht et al. study (10) , our findings on DD homozygotes of NFKB1 promoter polymorphism, which nearly 20% of the population possesses, a decrease in arterial reactivity by 30% would appear to be functionally and physiologically significant.
In addition, endothelial dysfunction is a hallmark feature of most chronic diseases and is present before the onset of overt essential hypertension. A healthy endothelium is associated with good CV health and increased NOS3 content is synony- Fig. 4 . The I allele carrier group had a higher reactive hyperemic forearm blood flow response than the DD homozygote group at baseline. *Significant difference between II/ID vs. DD. Data are adjusted least-significant means with error bars representing SEs. Age, gender, ethnicity, weight, mean blood pressure, and body mass index were used as covariates. Values are mean Ϯ SE except for frequency data; n, no. of subjects. Baseline, before exercise training; final, after exercise training; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; BMI, body mass index; V O2 max, maximal oxygen consumption; NFKB1, NFlight-chain gene enhancer in B cells 1; I, insertion allele; D, deletion allele. mous with a healthy endothelium (1, 8, 15, 34) . If a particular allele leads to enhanced NOS3 expression with exercise training, as was the case in the present study, then that allele would be considered to have a positive influence on CV health.
In the present study, we confirmed that this function of polymorphism is also present in human endothelial cells. The EMSA indicated that the I allele showed strong binding to nuclear protein extracts. In contrast, D and D1 alleles allowed no binding or minimal binding of proteins of similar mobility, respectively. Since the D1 variant contains the D allele with an additional 4 bp of genomic sequence added to the 5Ј end, which creates a "size-matched" D allele, D1 is considered to be more pertinent to the endogenous function of the mutant promoter. Therefore, the D allele promoter binds to the unknown nuclear protein with noticeably less binding affinity, which results in reduced transcriptional activity rather than generating a completely nonfunctional promoter. This results were consistent with a previous studies (2, 16) showing that the I allele of the NFKB1 promoter previously showed higher protein binding activity than the D allele in immortalized cell lines. The specific polymorphic region may contain a core binding sequence of an unidentified nuclear protein. Identification of the specific binding protein remains to be elucidated.
In the promoter assays, we observed that NFKB1 promoterreporter gene constructs containing the ATTG I-type allele showed significantly increased promoter activity in primary cultured HUVECs following 24 h of LPS treatment. A previous study (16) showed that the polymorphic promoter binds to normal human colonic cell lines, but there was no evidence of terminal ileal mucosa nuclear protein bound to the region. These results suggest that the polymorphism appears to have a tissue-specific effect. This led us to test the transactivational function of the I/D polymorphism in human endothelial cells. Our finding suggest that Ϫ94 NFKB1 I/D polymorphism affects promoter activity of the NFKB1 gene in human endothelial cells.
Shear stress increases the nuclear translocation of NF-B and elevates the transcriptional activity of promoters containing the -B binding element in bovine aortic endothelial cells (17, 18, 32) . In the present study, we showed that in HUVECs, the p50/p65 NF-B complex translocated into the nucleus under a physiological level of unidirectional LSS (15 dyn/cm 2 ) generated by a cone and plate apparatus. This result agrees with previous findings showing that p50/p65 NF-B complex translocation occurred in response to 15 dyn/cm 2 of LSS generated by a parallel plate flow chamber system incorporated into a closed-loop perfusion device (12) .
In the present study, we demonstrated that II homozygote cells had higher cytoplasmic p50/p105 protein levels than DD homozygote cells and, accordingly, that II homozygote cells demonstrated a greater increase in NOS3 protein than DD homozygote cells after 24 h of unidirectional LSS. Several lines of evidence suggest that NF-B is predominantly responsible for increasing the transcription of the NOS3 gene in response to LSS. Resnick et al. (29) identified a cis-acting SSRE (5Ј-GAGACC-3Ј) in promoter regions of shear-responsive genes. Supershift assays using p50 and p65 antibodies demonstrated that translocated NF-B under flow shear stress binds to the SSRE in the promoter of target genes (12). Davis et al. (7) identified the SSRE (5Ј-GAGACC-3Ј) at position Ϫ990 to Ϫ984 bp upstream of the transcription start site of the NOS3 gene and demonstrated that shear activated p50/p65 NF-B bound to the identified binding sequence. Moreover, Grumbach et al. (9) showed that a NF-B inhibitor, panepoxydone, completely prevented the increase in NOS3 mRNA levels in endothelial cells exposed to shear stress.
There were no significant differences in basal promoter activities between I-and D-type promoters. This result does not agree with our findings showing that II homozygote cells had higher basal p50/p105 cytoplasmic protein levels compared with DD homozygote cells. A definitive explanation of this discrepancy could not be made since it is beyond of the scope of this study. However, one possible explanation is that the gene expression level was regulated by an interaction between a protein binding to the polymorphic site and other transcription factors that bind to a cis-element distant from the transcription initiation site and, therefore, was not included in the reporter vectors we used for the promoter assays.
We found that the p105 protein level was affected by NFKB1 promoter polymorphism. Whether the upregulation of p105 protein affected NF-B signaling and downstream NOS3 gene expression is controversial. p105 protein is considered a member of the IB family because of the presence of ankyrin repeats in its COOH-terminus region (30) ; on the other hand, p105 protein is considered as a precursor protein for p50 protein. It has been demonstrated that p105 protein is consti- tutively processed via proteasomes, as opposed to degradation, through a cotranslational mechanism (20) . However, the proteolysis of the precursor protein that generates p50 is also limited by the presence of a glycine-rich region between amino acids 376 and 404, which serves as a stop signal for proteolysis (21, 27) . Therefore, the role of increased p105 in NOS3 gene expression is inconclusive.
In the vasculature, regions of low flow velocity and high oscillatory shear stress observed during resting conditions are abolished during a session of aerobic exercise. These regions experience higher flow, and the hemodynamic profile is converted from one that is oscillatory to one that is laminar. In vivo levels of vascular shear stress during exercise are difficult to measure. However, during cycling exercise in humans, shear stress levels between 7.3 and 16.5 dyn/cm 2 have been shown (4) . We appropriately used a shear stress level of 15 dyn/cm 2 in the present study to simulate the level of shear stress experienced in humans during aerobic exercise.
Given the rationale that 1) flow shear stress on the endothelial cell is increased during aerobic exercise, 2) NF-B plays a crucial role in intracellular signaling transduction for NOS3 gene expression in response to flow shear stress, and 3) Ϫ94 NFKB1 I/D polymorphism transcriptionally regulates p50 NFKB1 gene expression, we hypothesized that the polymorphism may affect the endothelial function response to aerobic exercise training. Although overall the human results are consistent with our in vitro results, the weaker than expected relationship is not surprising. When assessing systemic functional phenotypes (end-point phenotypes) such as FBF or blood pressure, there are multiple factors that contribute to these biological responses. This means that there are other factors that contribute to the adaptation to exercise training, and it is improbable that a single-gene polymorphism will be the sole determinant of the adaptive response. However, our data demonstrated the importance of the gene polymorphism in vascular function, and this will help to better understand the molecular mechanisms involved in the adaptations to exercise training. In addition, there could be clinical relevance for preventive and interventional medicine as this polymorphism could be a good marker for predicting how an individual adapts to chronic exercise.
Reactive hyperemia refers to the phenomenon of increased blood flow that follows relief of ischemia and is a result of extended dilation of conduit arteries and resistance arterioles. Several factors have been implicated in the genesis of reactive hyperemia, including mechanical and neurogenic mechanisms, endothelium-derived NO, adenosine, and membrane-bound ion channels. Therefore, the measurement of reactive hyperemia is not solely endothelium dependent. However, several infusion studies using an NOS3 inhibitor (i.e., N-monomethyl-L-arginine) or a pharmacological agonist for NOS3 activator (i.e., acetylcholine) have revealed that 1) endothelium-derived NO accounts predominantly for the reactive hyperemic vasodilatory response (5, 23) and 2) there is a strong correlation (r ϭ 0.89) observed between peak reactive hyperemic FBF and acetylcholine-induced peak vasodilation (14) .
In conclusion, the present study identified a significant association between the Ϫ94 NFKB1 5Ј-ATTG-3Ј D allele and decreased reactive hyperemic FBF response, which was consistent with the effect of NFKB1 on downstream NOS3 gene expression found in HUVECs. These results have potential clinical implications for endothelial dysfunction that are related to the development and progression of atherosclerosis and CV diseases. Since Ͼ20% of the population is homozygous for the D allele, screening this polymorphism may provide an option for increasing the diagnostic capacity and improving the CV risk assessment in susceptible individuals. Additionally, our findings provide insight into the molecular mechanisms involved in the intracellular signaling transduction process of NOS3 gene expression and function of the NFKB1 gene promoter region.
